Abstract Airborne microorganisms (bioaerosol) from the China desert region, which are released into the atmosphere, disperse by the Asian dust event and affect ecosystems, human life, and atmospheric processes in downwind areas. However, the dynamics of airborne bacteria over the China desert regions have rarely been investigated. In this study, we analyzed bacterial communities in aerosols of the Asian dust source region (Taklimakan Desert) and compared them with the bacterial communities in sand dunes, for evaluating the mixtures from sand area to atmosphere. Air samples were collected at 10 m above the ground level from Dunhuang City during a dust event. The cell densities of airborne bacteria during a dust event were ten times more than that in non-dust periods. The 16S rDNA clone libraries from four air samples m a i n l y b e l o n g e d t o t w o p h y l a , Fi rm icu t es an d Proteobacteria. During a dust event, the proportion of Proteobacteria clones decreased, whereas that of Firmicutes clones increased. Sand samples were collected from the sand dunes in four sampling sites of the Taklimakan Desert. The bacterial communities in sand samples comprised of the members of Firmicutes and Actinobacteria. The clones of Firmicutes in both air and sand samples included Bacillus species, constituting more than 10 % of total clones. Airborne bacterial communities would be carried by the dust events from sand dunes. Propionibacterium species from the class Actinobacteria that were dominant in sand samples were not detected in the air samples, suggesting that atmospheric stressors eliminate some bacterial species. Presumably, airborne bacterial communities in the Asian dust source region are composed of local environmental bacteria, and their dynamics depend on the occurrence of a dust event.
Introduction
Soil particles that are derived from the Chinese desert area are frequently transported over the East China Sea or the Yellow Sea to Japan during the spring season (Iwasaka et al. 1983 ). These Asian dust clouds, which are common atmospheric phenomena in Japan, are referred to as BKosa,^which literally means Byellow sands^in Japanese (Iwasaka et al. 1983) . Desert winds aerosolize several billion tons of soil-derived dust each year, including concentrated seasonal pulses from the Asian desert areas (Uematsu et al. 1983; Duce et al. 1980; Kim and Chung 2010) , causing damage to human health (Ichinose et al. 2005) . Furthermore, these transoceanic and transcontinental dust events inject a large pulse of microorganisms and pollen (bioaerosol) into the atmosphere Kakikawa et al. 2008) . The dispersal of bioaerosol by the Asian dust event could have a role in transporting pathogens or expanding the biogeographical range of some organisms by facilitating long-distance dispersal events (Kellogg and Griffin 2006; Kobayashi et al. 2015; Chung and Kim 2008) . Results from in vivo assays in mice have also suggested that the Asian dust events transport microbial matter and allergens that potentially affect the health of downwind populations and ecosystems (Liu et al. 2014) .
The major source areas of the Asian dust event are the Taklimakan Desert, Gobi Desert, and Loess Plateau (Sun et al. 2001; Duce et al. 1980; Iwasaka et al. 1983) . Dust storms from the China desert area likely inject dust particles, which are transported at high altitudes for long distances, into the upper atmosphere (Iwasaka 2003; Uno et al. 2004; Huang et al. 2010) . Some studies reported that bacterial communities in the Asian dust source regions are composed of several bacterial species and that some of them were identical to airborne bacterial species detected in Japan (Hua et al. 2007) . Dunhuang City, which is located at the east end of the Tarim basin (Taklimakan Desert), is an optimal site to study the dynamics and composition of the Asian dust with microorganisms released from the Taklimakan Desert (Iwasaka et al. 2009 ). The atmosphere around the Magao Caves in Dunhuang City has been demonstrated to include many species of bacteria, exhibiting variations depending on the number of tourists visiting the caves ). The atmosphere in Dunhuang City has to be examined in an area free of contamination due to human activity. Moreover, the bacterial communities in the sand dunes of Taklimakan Desert also need to be characterized in order to evaluate the sources of the airborne bacterial communities.
In this study, bacterial populations from sand dunes and the atmosphere of the Asian dust source region (Taklimakan Desert) were investigated to identify and assess the dustassociated bacteria. The aim of this study was to understand the dynamics of airborne bacteria in Dunhuang City during a dust event and to compare the airborne bacterial communities with those in sands collected from the Taklimakan Desert to establish the source of bacterial populations in the atmosphere over dust regions.
Materials and methods

Sampling of aerosol and sand particles
Air sampling was performed in Dunhuang City from 7:00 am UTC on September 10 to 7:00 am UTC on September 12, 2012, when a significant dust event occurred (September 10-12). Dunhuang City is located on the eastern border of the Taklimakan Desert, which is the source of yellow dust traveling towards Japan. The sampling system was placed on a 10-m-high platform (located at the roof of Dunhuang City Meteorological Department campus: 40. 21°N, 94.68°E ). Air samples (520 L) were collected using sterilized polycarbonate filters (0.22 μm pore size; Whatman, Tokyo, Japan) with a sterilized filter holder using an air pump. For each sample, two filters were used continuously for 12 h; the filters were changed every 12 h. In total, four air samples were obtained during the sampling period from the morning of September 10 to the morning of September 12, which were labeled DhA1 to DhA4. Of the two filters used to collect each sample, one filter was used to determine the abundance of bioaerosols by microscopic observation, and the other one was stored at −80°C before the extraction of genomic DNA for the analysis of bacterial species composition.
The sand samplings were performed at four sampling sites in the Taklimakan Desert (Magao Cave (40.04°N, 94.74°E), Ming Sha Mountain (40.09°N, 94.67°E), Peacock Rock, and Sphinx Rock (40.53°N, 93.06°E): Fig. 1 ) on September 14 and 15, 2012. These samples were named from DhS1 to DhS4, respectively. The sand dune area of the Magao Cave is located 1 km away from any tourist activity. In the Ming Sha Mountain, located 15 km from Dunhuang City, it was likely that there was some influence due to human activity in Dunhuang City. Peacock Rock and Sphinx Rock were in the Geological National Park (Taklimakan Desert), located 100 km from Dunhuang City. The sand dunes in these two locations are expected to be free of interference due to human activity. In each sampling site, the sand samples were collected directly from the sand dunes using sterilized test tubes. The samples were transported to the laboratory under dark conditions and preserved at −80°C.
Characteristics and trajectories of air masses
To track the transport pathways of air masses, 72-h backward trajectories were calculated using the NOAA Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model (http://www.arl.noaa.gov/HYSPLIT.php). The position of the backward trajectory start point was used as the air sampling area for this study (40.21°N, 94.68°E), from a site 10 m above the ground level to estimate the trajectories of air masses in the boundary layer.
Microscopic analysis of particle abundance
To determine the particle abundance, 0.25 mL of sterilized water with paraformaldehyde at a final concentration of 1 % was added to one of the filter folders to fix the aerosols . After 1 h of incubation period, the filter was stained with 4,6-diamidino-2-phenylindole (DAPI) at a final concentration of 0.5 μg/mL for 15 min (Porter and Feig 1980) . Next, the filter was placed on a slide on a drop of lowfluorescence immersion oil. A second drop of oil was added, and a coverslip was placed on top. The prepared slides were then observed using an epifluorescence microscope (Olympus, Tokyo, Japan) equipped with an ultraviolet excitation system. A filter transect was scanned, and the mineral particles (white particles), yellow particles, and bacterial cells on the filter transect were counted. The detection limit of aerosols was below 5×10 3 particles/m 3 of air.
Clone libraries of bacterial 16S rDNA
After the sampling, the aerosols were washed off the filters by shaking with 5 ml of sterilized water containing 0.9 % (w/v) of NaCl. Mineral particles of sand samples (5 mg) were suspended into 5 ml of 0.9 % NaCl sterilized. Three milliliters of the solutions of air samples or sand samples was used for the extraction of genomic DNA (gDNA) using SDS, proteinase K, and lysozyme as described previously . The gDNA was purified by phenol-chloroform extraction, chloroform extraction, and ethanol precipitation. Fragments of 16S rDNA (1450 bp) were amplified from the extracted gDNA by polymerase chain reaction (PCR) using the following oligonucleotide primers: 27F, 5′-AGA GTT TGA TCM TGG CTC AG-3′ and 1492R, 5′-GGY TAC CTT GTT ACG ACT T-3′ (Maidak et al. 1997) . Thermal cycling was performed using a Program Temp Control System PC-700 under the following conditions: denaturation at 94°C for 1 min, annealing at 56°C for 2 min, and extension at 72°C for 2 min, for a total of 30 cycles. The PCR amplicons were purified by phenol-chloroform extraction and chloroform extraction, followed by ethanol precipitation. The PCR amplicons of 16S rDNA fragments were cloned into Escherichia coli HST08 using a commercially prepared vector PCRII-TOPO with a TA Cloning Kit (Invitrogen, CA, sequences were determined using a Dye DeoxyTM Terminator Cycle Sequencing Kit (ABI, CA, USA) and a DNA autosequencing system (ABI, Model 373A) according to the manufacturer's recommended protocol. The M13 forward and reverse primers were used as the sequencing primer. The defined sequences were compared with DDBJ (DNA Data Bank of Japan) database, and a phylogenetic tree was constructed according to the neighbor-joining algorithm using DNASISpro 3.0 software (Saitou and Nei 1987) .
Bacterial isolation from aerosol and sand samples
For the isolation of bacteria from air and sand samples, 2.0 ml of the solution of both samples was inoculated into 19.5 ml of TS (Trypticase Soy Peptone) liquid medium (17 g trypticase peptone, 5 g phytone peptone, 2.5 g K 2 PO 4 , and 2.5 g glucose in 1 l of pure water). Microbial growth was estimated every 2 days at 550 nm absorbance. After 12 days of incubation, 10 μl of the culture was plated on TS agar plate. After the bacteria isolates were incubated for 3 days in 10 ml of TS medium, the bacterial cells were collected using the centrifugation of 20,000×g for 5 min (Maki et al. 2012) . The bacterial cells were extracted and purified as described above.
Fragments of 16S rDNA (1,450 bp) were amplified from the extracted gDNA by PCR using primers 27F and 1492R. Thermal cycling was performed using a Program Temp Control System PC-700 under the same condition as described above . The PCR amplicons were purified by phenol-chloroform extraction and chloroform extraction, followed by ethanol precipitation. The nucleotide sequences were determined as described above, except that the sequence primer was replaced with 27F and 1492R primers. The determined sequences were compared with DDBJ database and phylogenetically analyzed as described above (Saitou and Nei 1987) .
Accession numbers
The DDBJ accession numbers for the 16S rDNA sequences determined in this study are from AB924227 to AB924368 (Table 1 ) and LC055609 to LC055615 (Table 2) .
Results and discussion
Transport trajectory and environmental factors
Analysis of air-mass backward trajectory across 3 days (September 9-11, 2012) indicated that the air mass source was carried from the Taklimakan Desert to the sampling sites at the Meteorological Department in Dunhuang City (Fig. 2) . During air sampling period, temperature fluctuated between 7 and 29°C, and relative humidity ranged from 19 to 73 % (Fig. 3) . Air samples were collected on the roof of the Dunhuang City Meteorological Department, 10 m above the ground and on two different days (September 10 and 11, 2012) . The small particles at diameters of <1.0 μm increased at the second day of sampling, and the large particles at diameters of >0.7 μm showed peaks when the dust event occurred (Fig. 3) . Bacterial abundance was determined using fluorescence microscopy after DAPI staining. White-blue fluorescent particles, which were mineral particles, exhibited relatively large sizes with diameters ranging from 0.2 to 100 μm, while bright-blue fluorescence particles were bacteria with smaller diameters <1.0 μm. The concentrations of airborne bacterial cells and white particles increased tenfold during a dust event when compared to non-dust periods (Fig. 4) . The abundance of white particles was 10 6 particles/m 3 on the first day, and this increased to over 10 7 particles/m 3 subsequently. This suggested that the dust event occurred during the second day of the sampling period. The bacterial concentration in the atmosphere of Asian dust source region maintained a high value of more than 10 6 particles/m 3 , subsequently increasing to more than 10 8 particles/m 3 (Fig. 4) .
Bacterial composition in air samples
After genomic DNAs were extracted from the air samples from DhA1 to DhA4, the 16S rDNA fragments of the air samples were amplified using PCR. The PCR amplicons were cloned into Escherichia coli, and 386 clones were obtained. The phylogenetic diversity among samples was analyzed using clone libraries of bacterial 16S rDNA. Sequences of the 16S rDNA indicated that the bacterial populations were divided into 46 phylotypes (sequences with >97 % similarity; Table 1 ). The bacterial communities in air sample clones consisted of similar species among the four samples, and the ratio of clones indicated bacterial dynamics during the sampling period. Most of the phylotypes from the air samples belonged to the phyla Firmicutes, Proteobacteria, and Cyanobacteria (Fig. 5) . Bacillus subtilis in Firmicutes constituted almost 30 % of the clones in DhA3 and DhA4, and this ratio was greater than that during non-dust periods. The isolates of B. subtilis were also collected from the air samples and identified using the clone sequences (Fig. 6) . These results suggested that B. subtilis was transported with the dust event. B. subtilis can form resistant endospores that enhance their survival in the atmosphere and improve their resistance to environmental stressors such as heat, UV, and extreme desiccation (Nicholson et al. 2000) . The Firmicutes group, including Bacillus sp., was reported to be predominantly present in the air just above the ground during Asian dust events (Jeon et al. 2011) . Some halotolerant bacteria isolated from sand dunes in the Gobi Desert belonging to the genus Bacillus were isolated in Higashi-Hiroshima, Japan, indicating the possibility of their long-range transport (Hua et al. 2007 ). Sugimoto et al. (2012) demonstrated a vertical mixture of bioaerosol by dust event in downwind area such as Japan. The bacteria that maintained in the atmosphere have high possibility to be transported and deposit to downwind area. In the air samples DhA1 and DhA2 obtained during non-dust periods, alpha proteobacterial populations from Proteobacteria and unidentified Cyanobacteria constituted more than 40 % of the clones, and this ratio halved in non-dust periods. Fürnkranz et al. 2008) and are the most common phyla in highly saline marine (abundance between 50 and 80 %) (Desriac et al. 2013 ) and terrestrial environments (Janssen 2006; Spain et al. 2009 ). These results suggested that the major airborne bacteria during non-dust events originated from the environment surrounding the sampling site. Some clones of Firmicutes were related with Clostridium species and were detected only in the air samples. Commensal Clostridium are gram-positive, rod-shaped bacteria in the phylum Firmicutes and constitute a substantial part of the total bacteria in the gut microbiota (Bryant 1959; Lopetuso et al. 2008; Nagano et al. 2012) . Some Clostridium clusters are predominant in the gut microbiota (Hold et al. 2002) . The members of Clostridium detected from the air samples over Dunhuang City are proposed to have originated from the gut of the animals that live around the sampling sites. Furthermore, other clones of Firmicutes in air samples are related to Staphylococcus species. Staphylococcus strains of normal human flora have been found in and around swimming pools and similar environments (Okafor 2010) . S. aureus and S. epidermidis colonize a sizable portion of the human population (Gill et al. 2005) . The staphylococci are ubiquitous colonizers of human or animal skin and mucous membranes, causing a variety of syndromes (Ito et al. 2003) . The members of the genus Staphylococcus are proposed to have originated from the human-habitated areas of Dunhuang City.
In addition to Firmicutes, clones of the phylum Proteobacteria were commonly detected in air samples predominated by the members of alpha proteobacteria, which are known as freshwater bacteria (Zwart et al. 2002) , and oligotrophic pelagic bacteria (Morris et al. 2002) . The extensively branching clade of abundant, globally distributed aquatic alpha proteobacteria is adapted to nutrient-poor environments such as the surface waters of the open ocean (Tripp 2013) . The rivers around Dunhuang City and the saline-water pools in the desert area would be the sources of airborne bacterial populations. Moreover, some Proteobacteria clones in the air samples were related with Stenotrophomonas sp. Stenotrophomonas maltophilia is ubiquitous in the environment; it has been recovered from water, soil, plants, animal sources, and sewage (Senol 2004; Berg et al. 1999) . This bacterial population of Stenotrophomonas sp. is a part of the surrounding environment of Dunhuang City.
Bacterial composition of sand samples
The phylogenetic diversities among sand samples were also analyzed using 16S rDNA clone libraries. Sequences of 196 clones recovered from the sand samples were divided into 24 phylotypes (sequences with >97 % similarity; Table 1 ). The bacterial species composition was not significantly different across the four sand samples obtained from the Taklimakan Desert (Magao Cave, Ming Sha Mountain, Peacock Rock, and Sphinx Rock). The majority of the phylotypes from sand samples comprised members of the phyla Actinobacteria, Firmicutes, and Proteobacteria. The most dominant bacterial species in sand samples were Propionibacterium sp. of Actinobacteria, followed by B. subtilis of Firmicutes, and Stenoxybacter sp. of Proteobacteria (found specifically in deserts). Previous studies have reported that the most common phyla present in the soil Actinobacteria . Similar phyla were observed in soil samples from other continental deserts Fig. 2 Backward trajectories of air masses containing aerosols in Dunhuang City over 3 days (September 9-11, 2012) such as Tataoune (Chanal et al. 2006 ). In the Loess Plateau, where high amounts of dust particles are accumulated and eventually settle into the soil, the most abundantly found phyla were Proteobacteria, followed by Bacteroidetes, Gemmatimonadetes, Actinobacteria, Cyanobacteria, Chloroflexi, Firmicutes, Chlamydiae, and Nitrospirae (Kenzaka et al. 2010 ). The members o f A l p h a p ro t e o b a c t e r i a , A c i d o b a c t e r i a , and Actinobacteria were also often abundant in soil, while the members of Bacteroidetes, Firmicutes, and Planctomycetes were generally less abundant (Janssen 2006; . Some bacterial species that were previously reported in samples from the desert areas were not observed in the four sand samples in this study. This could be attributed to variations in the environmental conditions in desert areas and the different methods used to estimate bacterial diversity.
Comparison of dominant bacterial species in air and sand samples
The majority of the phylotypes from the sand and air s a m p l e s b e l o n g e d t o t h e p h y l a F i r m i c u t e s , Actinobacteria, Proteobacteria, Cyanobacteria, and Bacteroidetes. In both sand and air samples, the clones of B. subtilis (phylum Firmicutes) dominated, constituting more than 10 % of the total clones. B. subtilis was possibly transported from the sand dunes to the atmosphere. In total, eight isolates, which were obtained from the sand and air samples using the culture Fig. 3 Concentrations of aerosol particle, temperature, and relative humidity in the atmosphere 10 m above the ground in Dunhuang City (10-12 September, 2012) technique, were closely related or identical to B. subtilis, which were detected in the air sample DhA series collected in Dunhuang City (97-100 % similarity) ( Table 2 ; Fig. 6 ). The most dominant clones recovered from air samples were those of B. subtilis, followed by Proteobacteria members and Staphylococcus sp. (Table 1) . Bacterial species related to B. pumilus and Staphylococcus spp. were detected in air samples collected at both 10 and 800 m above the ground in the Asian dust source region of Dunhuang City ). Furthermore, the most dominant clones recovered from sand samples were those of Propionibacterium sp., followed by B. subtilis and Stenoxybacter sp. (Table 1 ; Fig. 7 ). Propionibacterium sp. constituted almost 40 % of the clones in sand samples, while they disappeared from air samples. Propionibacterium species is a grampositive, non-spore forming anaerobic bacterium, which is known to be a skin commensal (Levy et al. 2008) . It is suggested that this bacterial population cannot survive the atmospheric stresses in desert areas and have been eliminated during the transport process. Some elimination possibly occurs in the early stage of atmospheric transportation.
Conclusion
This study has characterized the airborne bacterial dynamics in the atmosphere at a dust source region (Taklimakan Desert) and compared the airborne bacterial communities with the bacterial communities from the sand of desert areas. Air samples mainly comprised Firmicutes and Proteobacteria, and the proportion of Proteobacteria decreased during a dust event, whereas that of Firmicutes clones increased correspondingly. B. subtilis (Firmicutes) was predominant in both sand and air samples. Some bacterial species such as Actinobacteria species that were predominant in the sand samples were not detected in the air samples at all, suggesting the elimination of bacterial population by atmospheric stressors. Thus, in the future, it is necessary to clarify the details of this elimination processes on the basis of combined spatial and temporal measurements of solar UV intensity, relative humidity, wind speed, temperature, and microorganism divergence in the ground surface atmosphere. Further work characterizing the bacterial communities collected at high altitudes should be analyzed to clearly identify the bacterial communities that have a high possibility to be transported to long distances by a dust event.
Proteobacteria Fig. 7 Phylogenetic tree including the partial sequences of 16S rDNA amplicons obtained from the clone libraries from sand (DhS series) and air samples (DhA series) representative of the Proteobacteria. The sample information and the accession number of each reference sequence are given in parentheses. Open circles at branch points show that bootstrap values obtained by neighborjoining analysis exceeded 50 % (after 1000 resamplings)
